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PREFACE

The series of manuals on techniques describes procedures for planning and
executing specialized work in water-resources investigations. The material is
grouped under major subject headings called books and further subdivided into
sections and chapters; Section A of Book 3 is on surface water.

Provisional drafts of chapters are distributed to field offices of the U.S.
Geological Survey for their use. These drafts are subject to revision because of
experience in use or because of advancement in knowledge, techniques, or
equipment. After the technique described in a chapter is sufficiently developed,
the chapter is published and is sold by the U.S. Geological Survey Books and
Open-File Reports Section, Federal Center, Box 25425, Denver, CO 80225 (au-
thorized agent of Superintendent of Documents, Government Printing Office).
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SYMBOLS AND UNITS

Symbol Definition Unit
A Area. ft3
a, Area of individual subsection. ft3
d,, Mean depth. ft
F Froude number.
g Gravitational constant (acceleration). ft/sec?
h Static or piezometric head above an arbitrary datum. ft
h, Velocity head at a section. ft
K Conveyance of a section. ft3/sec
Kr Conveyance of total cross section. ft?/sec
K. Weighted conveyance for a reach. ft3/sec
k Coeflicient for energy loss.
L Length of reach of channel. ’ ft
n Manning roughness coefficient. frr/e
P Wetted perimeter of cross section of flow. ft
Q Total discharge. ft3/sec
q Part of the total discharge. . ft3/sec
R Hydraulic radius. ft
S Friction slope.
14 Mean velocity of flow in a section. ft/sec
L2 Subscripts which denote the location of cross sections or section properties in downstream

order.

a Velocity head coefficient.

Difference in values, as Ah is the difference in head.
Summation of values.

t4 b

VII



MEASUREMENT OF PEAK DISCHARGE BY THE SLOPE-AREA METHOD

By Tate Dalrymple and M. A. Benson

Abstract

This chapter describes application of the Manning
equation to measure peak discharge in open channels.
Field and office procedures limited to this method are
described. Selection of reaches and cross sections is
detailed, discharge equations are given, and a complete
facsimile example of computation of a slope-area
raeasurement is also given.

Introduction

A slope-area measurement is the most com-
monly used form of indirect measurement. In
the slope-area method, discharge is computed
on the basis of a uniform-flow equation involv-
ing channel characteristics, water-surface pro-
files, and a roughness or retardation coefficient.
The drop in water-surface profile for a uniform
reach of channel represents losses caused by
bed roughness.

In application of the slope-area method, any
one of the well-known variations of the Chezy
equation might well be used. The Geological
Survey uses the Manning equation. This equa-
tion was originally adopted because of its
simplicity of application. The many years of
experience in its use that have now been accu-
mulated show that reliable results can be
obtained from it.

Basic Equations

The Manning equation, written in terms of
discharge, is

Q=1':;+86 AR*BS2 (1)

where

@=discharge,
A=cross-sectional area,
R=hydraulic radius,
S=friction slope, and
n=roughness coefficient.

The Manning equation was developed for
conditions of uniform flow in which the water-
surface profile and energy gradient are paral-
lel to the streambed and the area, hydraulic
radius, and depth remain constant throughout
the reach. Lacking a better solution, it is
assumed that the equation is also valid for
nonuniform reaches that are invariably en-
countered in natural channels, if the energy
gradient is modified to reflect only the losses
due to boundary friction. The energy equa-
tion for a reach of nonuniform channel between
sections 1 and 2 shown on figure 1 is

(h+bu)1=(h+hv)2+ (hf)l-2+k(Ahu)l-2y (2)
where

h=elevation of the water surface at
the respective sections above a
common datum,
h,=velocity head at the respective
section=aV?/2g,
h,=energy loss due to boundary fric-
tion in the reach,
Ah,=upstream velocity head minus the
downstream velocity head,
k(Ah,) =energy loss due to acceleration or
deceleration in a contracting or
expanding reach, and
k=a coefficient.
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Figure 1.—Definition sketch of a slope-area reach.

The friction slope S to be used in the Man-
ning equation is thus defined as

__’_'ZZM +Ah'_k(Mv), (3)
L L

S
where Ah is the difference in water-surface
elevation at the two sections, and L is the
length of the reach.

In using the Manning equation the quantity
(1.486/n) AR*”, termed conveyance, K, is com-
puted for each cross section. The mean
conveyance in the reach is then computed as
the geometric mean of the conveyance at
the two sections. This procedure is based
on the assumption that the conveyance varies
uniformly between sections. The discharge
is computed by the equation

Q=vVK.K,S, 4)

where S is the friction slope as previously
defined.

Computation of Friction Slope

The computation of the friction slope by
equation 3 involves the determination of the
water-surface elevation and velocity heads
at each section and an evaluation of the loss
due to contraction or expansion. Water-
surface elevations are taken from the pro-
file defined by high-water marks as described
in chapter A1 by Benson and Dalrymple (1967).
The velocity head (h,) at each section is com-
puted as
_aV*

=24 ®)

h,

where V is' the mean velocity in the section
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and « is the velocity-head coefficient. The
value of « is assumed to be 1.0 if the section
is not subdivided. The value of « in sub-
divided channels is computed as

3/ 2
a=——-——(2§;x{10:2)7 (6)
where the subscript 1 refers to the conveyance
or area of the individual subsections and T
to the area or conveyance of the entire cross
section.

The energy loss due to contraction or ex-
pansion of the channel in the reach is assumed
to be equal to the difference in velocity heads
at the two sections (Ah,) times a coefficient k.
The value of k is taken to be zero for con-
tracting reaches and 0.5 for expanding reaches.
However, both the procedure and the coef-
ficient are questionable for expanding reaches
and thus major expansions are avoided, if
possible, in selecting sites for slope-area meas-
urements.

The value of Ah, is computed as the up-
stream velocity head minus the downstream
velocity head; thus, the friction slope to be
used in the Manning equation is computed
algebraically as

S-:A—h—_HfAM (when Ah, is positive), (7)
and
SzAh_EAh" (when Ah, is negative). (8)

Selection of Reach

The selection of a suitable reach is probably
the most important element of a slope-area
measurement. Ideal reaches are difficult to
find, and usually it is a matter of selecting the
best reach available.

Good high-water marks are basic to a reliable
slope-area computation, so that the presence
or quality of high-water marks is an important
consideration. A steep-sided rock channel might
have near-perfect hydraulic qualities, yet if the
walls did not retain high-water marks, it would
be useless as a slope-area reach. If heavy rains

have followed the peak prior to the survey,
marks on clean banks. may have been de-
stroyed or washed to a lower elevation, whereas
marks within wooded parts of the channel might
have been little affected. The selection of a
reach is thus first governed by the availability
of high-water marks.

The geometry of the channel in the reach
is also important. Marked changes in the
shape of the channel along a reach should be
avoided because of the uncertainties regarding
the value of the velocity-head coefficient. The
channel should be as uniform as possible, but
in any event, the changes in channel conveyance
should be fairly uniform from section to section
in order to be consistent with the assumption
that the mean conveyance is equal to the
geometric mean of the conveyance at the end
sections. It is desirable that flow be confined
within a simple trapezoidal channel, because n
values have been determined for such con-
ditions. However, compound channels can be
used if they are properly subdivided. The
reach should be contracting rather than ex-
panding if there is a choice. Straight reaches
are preferred, but they are seldom found in
nature.

The method assumes that the cross-sectional
area is-fully effective and is carrying water in
accordance with the conveyance for various
portions of the section. For this reason it is
desirable that the cross section be uniform
for some distance above the reach, so that
discharge will be distributed in accordance
with channel depths, roughness, and shape.
Conditions, either upstream or downstream
from a reach, which will cause an unbalanced
distribution should be avoided. For example,
for some distance downstream from a bridge
which constricts the width, the effective flow
will be contained within the center of the
channel; the sides of the channel will not
carry water in proportion to the computed con-
veyance and may even have negative velocity.
Natural channel constrictions or protrusions
may have the same effect. A sudden deep-
ening of the channel may also represent a non-
effective area. Such situations should be
watched for and ‘avoided as slope-area reaches.

Sometimes slope-area reaches must be se-
lected in mountainous areas where the channels
are very rough and steep and may have free
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fall over riffles and boulders. The Manning
equation is not applicable when free fall exists.
However, free fall may or may not be indicated
by the high-water profiles or by inspection of
the reach. Cross sections may be located to
eliminate any part of a reach in which free fall
is indicated; but when the reach includes
stretches in which free fall might have occurred,
the reliability of the computed discharge will
be low.

Channel bends often govern the length of a
suitable reach. The influence of the bend on
velocity distribution, slope, and water-sur-
face elevations continues some distance down-
stream from the bend. If a straight reach
away from the influence of bends cannot be
found, it is best to choose a long reach that
includes one or more channel bends with ter-
minal sections in straight portions of the
channel.

The reach should be long enough to develop
a fall which is well beyond the range of error
due to alternate interpretations of the high-
water profile, or to uncertainties regarding
the computation of velocity head. In general,
the accuracy of a slope-area measurement will
improve as the length of the reach is increased.
However, the length of a desirable reach is often
governed by the geometry of the channel and
the practical difficulties of surveying long
reaches of river channel. One or more of the
following criteria should be met, if possible, in
selecting the length of a slope-area reach:

1. The length of the reach should be equal to or’

greater than 75 times the mean depth in
the channel.

2. The fall in the reach should be equal to or
greater than the velocity head.

3. The fall in the reach should be equal to or
greater than 0.50 foot.

Selection of Cross Sections

Cross sections represent samples of the geom-
etry of the reach; thus, the accuracy of the
mensurement will to some extent depend on the
number of sections taken. A minimum of three
cross sections is recommneded. Criteria for
location of crass sections are given in chapter A1l
by Benson and Dalrymple (1967).

Computations

In general, perform the computations as
described by Benson and Dalrymple (1967)
beginning on page 24. Specifically for slope-
area measurements the following considerations
apply.

Fall

To compute the fall, Ak, average the eleva-
tions on both banks at each cross section.
Show the computations for fall on the profile
sheet. There may be occasions when high-
water marks show that a ridge in the middle of
a stream divides the flow, so that different
water-surface elevations are in effect for both
banks, or a raised shelf may maintain overbank
flow at a higher elevation for some distance.
Under such conditions the fall may be obtained
by weighting the separate falls in accordance
with the conveyance in each portion.

Length of reach

For a reach in a straight or nearly straight
channel, compute the length from the stationing
of the ends of the cross section or scale the
length from the plan. If the channel is curving
and has nearly uniform depths, measure the
length on the curved line along the center of
the channel. If the main channel lies closer to
the outside of the bend, use the length along
the center of the deep channel. The centroid
of conveyance may be computed for each cross
section and a line drawn along its approximate
position between the sections. In some places
a meandering main channel lies within a fairly
straight flood plain. If the water is entirely
within the main channel, use the main channel
length. If the flood plain also carries water,
weight the curving length along the main chan-
nel and the shorter length along the flood plain
in proportion to the approximate amount of
water flowing in each portion. Show computa-
tions of length for the individual subreaches on
the profile sheet.

Discharge

Compute the conveyance, the velocity-head
coefficient o for each cross section, and the
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weighted conveyance of each subreach on the
form as shown on figure 7. First, use the two-
section formula given in table 1 to compute
directly the discharge for each two-section
subreach. The computed values will most
likely differ for each subreach. Then, using
the appropriate discharge as the ‘‘assumed”
value on the form, complete for each subreach
the computation of the various heads, slope,
and “computed” discharge. The ‘“computed”
discharge will agree exactly with the “assumed”’
if computations are made correctly. This
procedure provides an interim check and gives
considerable insight into the transformation
of energy and energy loss from section to section
along the reach. Consistency of results among
the subreaches is made evident.

Use one of the equations shown in table 1
to compute the final value of discharge. These
equations are based on the energy equation
and the Manning equation applied throughout
the reach. The values of k in the equations
are 0.5 if Ah, is positive and 0 if Ak, is negative
in the given subreach. The value of Ah, for
each subreach was determined in the previous
computations and may be used to determine
the values of & in the multisection equation.

After the final value of discharge has been
determined, use that value to compute the
subsection discharges for subdivided sections,
the corresponding velocities, and the mean

velocities for all sections. Enter the compu-
tations in the two columns at the right of the
computation form. Computed velocities should
be compatible with the appearance of the
channel after the flood. Gross errors can be
recognized in some instances if velocities are
greatly different from those expected.

Froude thber

The value of the Froude number should be
computed for each cross section after the final
discharge has been determined. The Froude
number is defined as

F= J 9)

where V is the mean velocity and d,, is the
average depth in the cross section.

The Froude number is an index to the state
of flow in the channel. For example, in a
rectangular channel the flow is tranquil if the
Froude number is less than 1.0 and is rapid if
the Froude number is greater than 1.0. The
slope-area method may be used for both tranquil
and rapid flow. The Froude numbers for the
various sections or for subsections of compound
sections should be examined to determine the
state of flow in the reach.

Table 1.—~Discharge equations for use in slope-area measurements

Number of
cross sections

gl

Ah
3 3
K, /K
\/ (1 et Lo ] —a(5) O=bd () tra—bid +as1—kso) |
Mlél;;ple Q=K,: yus B’ where
L Lo K.2L e 2y-tn- K,2L -
A= an 1-2 n2 2-3 L n Lin—-2)-(n—1) nn—-1)-n
EETE BRY KoKy T KoK,

B= I 229[ ay (A ) (1—k2) + ar <:4—> (kaz—Fki-2) +as (fl—> (ksa—kaa) + .

A,
+a(n-1) (m) (k(n—l)—n—km—z)-(n—1))+an(1‘—k(u-l)—n)]‘
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Variable Discharge

Scmetimes the best possible reach might have
variable discharge, such as when a tributary
enters within the reach, or when water leaves
through a break in a levee along the bank. It
is necessary first to compute independently the
discharge added or diverted, such as by a slope-
area measurement for the tributary flow, or by
computing the flow over the levee embankment.
The table at the bottom of the computation
form (fig. 7) can then be used to compute the
discharge as follows:

1. Assume a discharge @, in section 1, and use
it to compute the upstream velocity head.

2. Add @, and @, (flow in the tributary or
diversion) to obtain @, and use this to
compute the downstream velocity head.

3. The computed Q should be the average of
Q: and @Q,; if not, assume a new ; and
recompute.

Evaluation of Results

The resulting discharge should be examined
and evaluated on the basis of the intrinsic merits
of the computation. If thestate of flow changes
from tranquil (F<{1) to rapid (F>1) or vice
versa, there is cause for further examination of
the basé data. A change from rapid to tranquil
flow indicates the possibility of the presence of
a hydraulic jump, with its uncertain energy
losses. Such a reach would be suspect. A
change from tranquil to rapid flow might in-
dicate a sharp contraction within the reach,
with attendant contraction losses which have
not been evaluated, or might indicate the
presence of ‘free fall,” caused by a series of
riffles, which means a discontinuous water-
surface slope not related to the discharge as in
the Manning formula. Examination of the

high-water profiles might show sharp drops
which bear out either of the two latter possi-
bilities, and the computed discharge would then
be known to be at fault. On the other hand, a
gradual transition from tranquil to rapid flow
is possible; a continuous water-surface profile
would bear this out, in which case the discharge
computations may be accepted as valid.

The consistency of results from separate sub-
reaches is some indication of the reliability of
the answer, If the spread in discharges exceeds
25 percent, the results would be classified as
poor.

Adequacy of the high-water marks, amount
of fall, presence of bends in the reach, and the
magnitude of the velocity head in relation to
the fall are other factors which should
be examined in rating the accuracy of the
measurement.

Example

The computation sheets for a slope-area
measurement of the flood of February 21, 1956,
on Snake Creek near Connell, Wash., are shown
on figures 2-7. This example illustrates the
sheets used in plotting and computations, and
how the results of a slope-area measurement
should be presented. A study of this example
will further clarify the entire procedure used in
making this type of measurement.

Selected References
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‘ Figure 2. —Sample slope-area computation, plan view of reach.
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Figure 3.—Sample slope-area computation, listing of high-water marks.
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Figure 4. ~Sample slope-area computation, high-water profile.
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Figure 5.—Sample slope-area computation, cross sections.
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Figure 6.~~Sample slope-area computation, cross-section properties.
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Figure 7.—Sample slope-area computation, discharge.
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